This paper investigates how postgrowth annealing affects the structure and the electro-optical properties of low-temperature grown GaAs ͑LT-GaAs͒. A systematic study of as-grown and annealed LT-GaAs revealed that the carrier lifetime is directly related to the density of the An duster and distance between As clusters. The Ga/As compositional ratio and the crystal structure of As clusters were observed for the first time. The As/Ga ratio of the As clusters is higher than that obtained from the LT-GaAs. The carrier lifetime of the annealed LT-GaAs increases as the annealing temperature increases from 400 ͑less than 30 fs͒ to 800°C ͑824 fs͒. Under the annealing temperatures ranging from 600 to 700°C for 90 s, we observed the emission of terahertz radiation using the annealed LT-GaAs grown at temperatures ranging from 260 to 320°C.
I. INTRODUCTION
Low-temperature grown GaAs ͑LT-GaAs͒ has been investigated for the past 17 years. 1 The growth of LT-GaAs at 200°C with an excess of the group V ͑As͒ element leads to a nonstoichiometric layer, which significantly alters electrical [2] [3] [4] [5] and optical 6, 7 characteristics such as carrier lifetime, resistance, and terahertz radiation properties. Moreover, these electro-optical characteristics can be modified by the postgrowth annealing processes. Due to the unique properties of LT-GaAs, such as high resistance and short carrier recombination time after annealing, these layers are used as high-resistance buffers and insulating caps 1, 8 or as ultrafast photoconductive switches and mixers for terahertz generation. 9, 10 Despite intensive research on LT-GaAs, there is no clear explanation why terahertz radiation is generated only at the specific growth and annealing conditions. Annealed LT-GaAs is used as both an emitter and a detector of terahertz radiation because of its subpicosecond terahertz response. However, there are several limitations in the application of terahertz. First, LT-GaAs has low resistance caused by hopping conduction between point defects induced by incorporation of excess As atoms. Postgrowth annealing increases the resistance by up to five orders of magnitude. Second, LT-GaAs shows a saturation of defect states owing to the charge occupation. This saturation occurs because the electron-hole recombination time is several orders longer than the carrier trapping time into defect states. This saturation effect can be overcome by the relatively higher density of the defect states in the precipitates induced by postgrowth annealing. Hence, compromise in the annealing process between carrier lifetime and resistance is very important. However, little attention has been paid to studies relating structural change of the LT-GaAs and carrier lifetime.
To the best of our knowledge, this is the first report to use transmission electron microscopy ͑TEM͒ and energy dispersive x-ray spectroscopy ͑EDX͒ measurements to determine the Ga/As compositional ratio in the annealed LT-GaAs and As clusters. Pump-probe photoreflectivity ͑PR͒ experiments are carried out to determine the photoexcited carrier lifetime, which is solely dependent on the defects structure of the annealed LT-GaAs. In the present article, we report how postgrowth annealing affects the structure and carrier lifetime of LT-GaAs. Optimized growth and annealing conditions for obtaining terahertz generation using annealed LTGaAs are also summarized.
II. EXPERIMENTAL
We grew 1.2 m thick undoped LT-GaAs layers by means of molecular beam epitaxy ͑MBE͒ on ͑001͒ GaAs substrates at fixed As/Ga flux equivalent pressure ratio of 20. The growth temperatures ͑T g ͒ were changed from 260 to 320°C. After growth, we annealed the samples at temperatures ranging from 400 to 800°C for 90 s in N 2 atmosphere by using a rapid thermal annealing ͑RTA͒ furnace. We used field emission TEM ͑FEI, Tecnai F30 Super-Twin͒ to verify a microstructure in the annealed LT-GaAs and the As clusters. EDX ͑Genesis͒ analysis in scanning TEM mode was performed to investigate the Ga/As compositional ratio in the annealed LT-GaAs and the As clusters. Here electron beam was focused within 5 nm to measure the As/Ga ratio using the probe with diameter of nanometer. Cross-sectional specimens were prepared by a face-to-face method. Mechanical polishing and dimpling were then followed by application of the Fischione ultralow-angle ion milling system. The compositional changes of the LT-GaAs and As clusters were revealed by using the EDX measurement.
Next, we used high resolution double-crystal x-ray diffraction ͑XRD͒, incorporating a four-bounce monochromator 11, 12 and a standard laboratory x-ray source. XRD rocking curves were taken with Cu K␣ 1 radiation and 400 symmetric reflections from GaAs. Structural change was determined by the analysis of satellite reflection and peak shift of the x-ray Bragg reflection. The ultrafast carrier dynamics of the annealed LT-GaAs layers was studied by using the conventional pump-probe PR measurements at room temperature, where 30 fs pulses with the center wavelength of 790 nm were delivered from a Ti:sapphire oscillator. For the generation and detection of terahertz radiation, a modelocked Ti:sapphire laser excited with a cw-Ar ion laser, which produced 60 fs full width at half maximum ͑FWHM͒ light pulses with a wavelength of 780 nm and a repetition rate of 83 MHz, was used. Figure 1 shows cross-sectional TEM images of LT-GaAs with different growth temperatures of 260, 290, and 320°C for the following conditions: ͑a͒ annealed at 400°C, ͑b͒ 600°C, and ͑c͒ 800°C with RTA in N 2 atmosphere for all samples. For the weakly annealed samples ͑400°C͒, the annealing temperature was not enough for eliminating the point defects completely and forming the As cluster to visible size. Therefore, As clustering was not clearly visible at annealing up to 400°C ͓Fig. 1 ͑A 1 -A 3 ͔͒ even if point defect created by excess As atoms started to move and form As clusters at 400°C. However, As clustering was clearly visible at 600°C ͓Fig. 1 ͑B 1 -B 3 ͔͒. We assume for annealing temperatures above 400°C that the excess As atoms, localized at interstitials such as an arsenic antisite ͑As Ga ͒, arsenic interstitials ͑As i ͒, and gallium vacancies ͑V Ga ͒, were moved actively by thermal expansion, escaped from interstitial position, then gathered and started to form As clusters. 11 At increased annealing temperatures, the distance between As clusters increases and the density of As clusters decreases. Increased annealing temperatures also both coarsened and enlarged As clusters, as shown in Fig. 1 ͑C 1 -C 3 ͒ . Figure 2͑a͒ shows a bright field ͑BF͒ TEM crosssectional image of the as-grown LT-GaAs sample grown at 290°C without annealing. A distinct epilayer with a thickness of approximately 1.2 m is distinguishable from the GaAs substrate; this may be due to a large deviation of the LT-GaAs from the stoichiometry or to the stress that builds up during the low-temperature growth. As-grown LT-GaAs is highly nonstoichiometric with the excess As atoms, as manifested in the form of point defects, such as As antisites and As interstitials, and the epilayer can be strained. Figure 2͑b͒ shows a BF TEM cross-sectional image of the annealed LTGaAs sample at 600°C with RTA in N 2 atmosphere. The excess As atoms, which are incorporated into the Ga-As interstitials during low-temperature growth, move actively and begin to form As clusters as shown in Figure 3 shows the composition analysis of LT-GaAs wafers, as-grown and annealed at 600°C in N 2 atmosphere. Electron beam was focused within 5 nm to measure the As/Ga ratio of the As cluster using the nanoprobe. The As/Ga ratio in the as-grown LT-GaAs ͑line 2͒ is higher than that obtained from the GaAs substrate ͑line 1͒ since the excess As atoms, formed from low growth temperature, incorporated into As antisites or As interstitials in the as-grown LT-GaAs layers. However, the As/Ga ratio in the annealed LT-GaAs ͑line 3͒ is smaller than that obtained from the as-grown LTGaAs ͑line 2͒ since the excess As atoms, formed from low growth temperature, moved outside from As interstitials and formed the As cluster ͑line 4͒ in the annealed LT-GaAs layers. The strain in the LT-GaAs is relaxed by thermal expansion, and this strain relaxation is accompanied by movement of excess As atoms and formation of As clusters. 13 Also the EDX analysis of the As clusters ͑line 4͒ in the annealed LT-GaAs shows that the As/Ga ratio is higher than that of the LT-GaAs ͑line 3͒. Hence it is assumed that As/Ga ratio of the As clusters becomes higher than that of the LT-GaAs. To the best of our knowledge, this is the first report to use EDX measurements to determine the Ga/As compositional ratio in the LT-GaAs and the As clusters. Figure 4 shows the influence of the annealing process on the ͑004͒ LT-GaAs reflex. Here the curves were calibrated to the ͑004͒ GaAs substrate reflex. We used high resolution double-crystal XRD, incorporating a four-bounce monochromator 11 and a standard laboratory x-ray source. XRD rocking curves were taken with Cu K␣ 1 radiation and 400 symmetric reflections from GaAs. The curve of the asgrown LT-GaAs shows a double peak structure resulting from a difference in the lattice parameters of the substrate ͑higher angle͒ and the LT-GaAs epilayer ͑lower angle͒. 12 The difference in the lattice parameters is due to the lattice expansion that occurred when the excess As atoms incorporated into the As antisite, the As interstitials, and the Ga vacancies. X-ray double peak of the as-grown LT-GaAs turned into a single peak at an annealing temperature of 400°C with a shoulder at the lower angle side formed by a small lattice mismatch between the LT-GaAs and GaAs substrates. Postgrowth annealing results in the movement of excess As atoms via thermal expansion and relaxation of the lattice due to the escape of excess As atoms. Therefore the x-ray double peak of the as-grown LT-GaAs turned into a single peak with narrow FWHM. This indicates that complete recovery in lattice mismatch occurs at an annealing temperature of 600°C. The recovery of the lattice constant is associated with a decrease in point defects owing to the movement of As interstitials and the formation of As clusters as annealing temperature increases. Therefore, the FWHM decreases as the annealing temperature rises.
III. RESULTS AND DISCUSSION
The subpicosecond decay of the photoinduced PR changes of the LT-GaAs grown at 290°C, as shown in Fig.  5 corresponds to the carrier trapping process into defect states.
14 After growth, we annealed the samples at temperatures ranging from 400 to 800°C for 90 s in N 2 atmosphere. We note that the observed high-frequency reflection modulations are related to coherent lattice vibrations, which are not the concern in our study. 15 The carrier lifetime of the LTGaAs annealed at 550°C is found to be less than 30 fs, while that annealed at 800°C is 824 fs as indicated in the inset of Fig. 5 . The reflectivity change in the negative direction dominantly observed for samples annealed at lower temperatures below 600°C is due to the induced absorption of trapped electrons to the conduction band. 16 The abrupt change, near zero time delay toward negative reflectivity change, manifests the ultrafast electron trapping beyond our time resolution for the lowest annealing temperature. The carrier lifetime versus annealing temperature curve in the inset of Fig. 5 shows near-linear relationship in the temperature range measured. As the annealing temperatures increase, the number of As clusters decreases and the cluster-to-cluster distance increases, as were argued in the TEM studies; the carriers are required more time to reach adjacent As-cluster sites, thus having longer lifetime. From the previous x-ray measurements and TEM microscopy studies, we found that the carrier lifetime is directly related to the density and distance of As clusters. Figure 6 shows the waveform of electromagnetic wave pulses emitted from a 5 m spacing dipole antenna on LTGaAs annealed at 600 and 700°C for 90 s with RTA in N 2 atmosphere. Here LT-GaAs was grown at 290°C. We applied a bias voltage of 10 V to the source electrode. We used 20 mW pump and 8 mW probe beam. We also used a 5 m spacing dipole antenna on silicon-on-sapphire ͑SOS͒ receiver chip to detect the terahertz pulses with 8 mW probe laser beam power. The FWHMs of the main peak in Fig. 6 are 0.91 ps for the sample annealed at 600°C and 1.38 ps for the sample annealed at 700°C. Hence it is assumed that the FWHM of the terahertz spectrum becomes broad as the annealing time increases since the decay time ͑right side of the main peak͒ increases as the annealing time increases due to the rise in the travel distance between As clusters. The inset of Fig. 6 shows Fourier-transformed spectral amplitude. The spectral distributions are centered at 1.0 THz for the sample annealed at 600°C and at 0.8 THz for the sample annealed at 700°C. The spectral widths are extended about 3.5 THz for the sample annealed at 600°C and about 3.2 THz for the sample annealed at 700°C. Figure 7 explains the basic terahertz generation mechanism and the carrier lifetime change due to electron trapping by the As cluster. When the photoconductive gap is irradiated by femtosecond laser pulses with energy greater than the band gap of GaAs ͑E g = 1.43 eV at room temperature͒, electrons are generated in the conduction band. The carriers are then accelerated by the bias field and decay, with the free carrier lifetime determined by the electron trapping at As clusters, resulting to a pulsed photocurrent in the photoconductive dipole antenna gap. FWHM of the generated terahertz pulses is determined by the summation of the rising time and the decay time. Here the rising time determined by the pulse width of the laser source and the decay time determined by the carrier lifetime change occurred through electron trapping at As clusters. Therefore the FWHM of terahertz pulse is changed by the carrier lifetime change due to the annealing conditions for the 60 fs laser source. We did not obtain terahertz spectra for the samples annealed below 550°C due to the large absorption ͑ultrafast electron trapping͒ by point defects as argued in the photoreflectivity studies. 17 For the strongly annealed samples ͑800°C͒, most point defects are eliminated and the midgap states are reduced, as manifested in the XRD studies. The reduced midgap states lead to an increase in the recombination time. The slow carrier recombination occurred by the increased recombination time implies poor conversion efficiency from the photocurrent created by excited carriers to the generation of terahertz pulse. Hence we only obtained terahertz spectra for the LT-GaAs samples annealed between 600 and 700°C, as shown in Fig. 6 .
IV. SUMMARY
To summarize, we observed here for the first time that the As intensity and the number of the As clusters in the annealed LT-GaAs are higher than that obtained from the GaAs substrates. Some of the As clusters show no lattice image and appear to be As-rich amorphous, while other As clusters show crystalline properties. The crystal structure of the As cluster is different from that of the annealed LT-GaAs. Carrier lifetime changes in relation to the changed distance between the As clusters that is induced by the postgrowth annealing. Carrier lifetime increases as the annealing temperature increases. The strain in the LT-GaAs is revealed to be relaxed with postgrowth annealing, and this strain relaxation is accompanied by the precipitation of the excess As atoms. As the annealing temperature increases, the density of the As clusters decreases and the distance between As clusters increases. We optimized growth temperature and postgrowth annealing for obtaining the time domain signal of the terahertz radiation spectra.
